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Introduction 33
Root tips constantly explore the soil searching for water and nutrients. Their movement is propelled by 34 Oparka, 1994) enables the visualization of the dynamics of these processes with high spatio-temporal 43 resolution. In practice, however, there is a trade-off between the resolution and the size of the field of 44 view. This leads to the problem that a root growing in optimal condition will rush through the field of 45 view in far less time than necessary to capture the process of interest. While the roots of 4-5 days-old 46 however the authors did not provide a comprehensive documentation of the setups that were used. 56
Another very important aspect of plant live imaging is the control of environmental signals perceived by 57 the plant, such as light, temperature, availability of nutrients, and gravity. The latter is constant and plant 58 organs are influenced by the vector of gravity. During gravistimulation, the plant hormone auxin gets 59 depleted from the upper side of the organ and accumulates in the lower side of the root, triggering the 60 inhibition of growth. The root bends because the upper part of the root continues to grow (Rakusová et 61 al., 2015) . When gravitropic responses are the focus of the research, the position of the plant during live 62 imaging becomes crucial. Most microscope setups keep the sample in a horizontal position, leading to a 63 constant gravistimulation of plant organs. This feature was utilised to analyse calcium signalling after 64 gravistimulation (Monshausen et al., 2011) by imaging the lower and upper sides of roots using either an 65 upright or an inverted microscope setup in order to observe differences between these areas. 66
Nevertheless, horizontal sample positioning imposes serious limitations on any long-term imaging as the 67 root continually attempts to bend downwards. In particular, as the orientation of the root with respect to 68 the vector of gravity is fixed, it limits the way gravitropism can be studied. Here we describe in detail a confocal microscope setup with vertical sample mounting and integrated 80 illumination that we developed for the optimal imaging of Arabidopsis ( Figure 1 ). We additionally 81 developed a rotation stage that enables rapid gravistimulation while imaging with minimal disturbance of 82 the plants. Further we present TipTracker -a MATLAB®-based program that enables the user to follow 83 growing root tips or other moving samples and record time-lapse series over prolonged periods of time. 84
TipTracker also outputs the coordinates of the individual root tips over time that can be used to 85 reconstruct the trajectory of individual root tips and calculate their growth rates during the experiment. 86
We demonstrate the performance of the system by several case studies focusing on root growth, cell 87 division, cell lineage establishment and gravitropism. Additionally, we demonstrate that TipTracker can 88 be used for any other type of specimen, for instance, Zebrafish embryos. TipTracker can interact with the 89 graphical user interfaces of various commercial microscope software programs. We provide the source 90 code for the implementation of TipTracker and associated scripts for two different microscope platforms 91 (Zeiss LSM700, LavisionBiotech TriM Scope II), making it a versatile tool that can be easily modified 92 and adapted. 93
94
Results 95
The vertical mounted confocal setup enables imaging of roots growing in a vertical position 96
An inverted confocal microscope (Zeiss Axio Observer with LSM 700 scanhead) was mounted on a 1 cm-97 strong aluminium plate (3D-CAD file provided in Supplemental File 1) and turned 90 degrees so that the 98 microscope is flipped onto its back side. A stand supports the transmitted light illumination carrier of the 99 microscope (Figure 2A , D, and Supplemental Movie 1). Since the transmitted light illumination carrier 100 could no longer be flipped back, two problems arose: 1) sample insertion became difficult, and 2) the 101 automatic laser shut-off was no longer working, thus laser safety was not guaranteed during sample 102 exchange. To resolve this, we remounted the laser safety plate with magnets and connected the automatic 103 laser shut-off mechanism to it (Figure 2 B, C). Now, before inserting the sample, the user must remove 104 the laser safety plate entirely in order to have free access, which turns the lasers off automatically. 105 Furthermore, the standard fluorescent light coupling port could no longer be used, and needed to be 106 replaced with a 90 degree adapter. A detailed description of the required modifications is part of the 107 supplementary documentation (Supplementary File 1). The scan head was raised but retained its 108 orientation. In this way, the functionality of the entire system is unaffected. 109
Plants require light for photosynthesis and development. At the same time, directional illumination is a 110 spatial clue that triggers plant tropisms. Therefore, to satisfy the seedlings' need for light and to enable 111 directional photostimulation, we implemented a custom illumination system. The spectral quality and 112 intensity matches the one in our growth room -LED illumination with blue maxima at 453 nm and red at 113 625 nm with intensity optimized for Arabidopsis ( Figure 3E , F). Red and blue LEDs are arranged in a 114 square facing the specimen that is mounted on the safety laser interlock plate ( Figure 3A -D). Each side of 115 the lamp can be switched on individually for directional illumination, and the intensity of illumination can 116 be set to any value between 40 and 180 μmol m -2 s -1 ( Figure 3F ). Initially we intended to shutter the light 117 during image acquisition, but it turned out that when choosing proper filter settings, we do not detect any 118 light coming from the LEDs ( Figure 3G , H). This allows for keeping the illumination on during image 119 acquisition. 120
One limitation of the system is that the usage of immersion objectives becomes complicated as the 121 immersion solution flows down. We overcame this by using a hair gel with a refractive index similar to 122 water. The microscope is, however, mainly intended for the acquisition of multiple position and long 123 time-lapse experiments, thus the use of any immersion liquid is problematic in a standard microscope 124 setup as well. For these experiments, we primarily employ a 20x/0.8NA or a 40x/0.95NA dry objective. 125
In summary, we developed a vertical microscope setup with controlled illumination that enables multi-126 day live imaging. The system keeps the entire functionality of the CLSM microscope, including the 127 motorized stage. This is essential for the acquisition of multiple positions during time-lapse experiments 128 and also for the tracking of the root tips, as described below. 129 130
Rapid gravistimulation experiments using the rotation stage 131
For gravistimulation experiments it is important that the sample is securely fixed. Also for the long-term 132 time-lapse experiments, the seedlings need to be well adapted to the experimental conditions. We grow 133 the seedlings in a Nunc™ Lab-Tek™ chambered coverglass. While the roots grow between the glass and 134 a block of agar, the cotyledons remain free to the air (Figure 4 A, B) . A detailed sample preparation 135 protocol is provided in the materials and methods section. Ideally the sample preparation is performed a 136 few hours before imaging to give the plants time to acclimate and recover from the stress of transfer. 137
Plants can be cultured in the chambers for a period of several days. 138
Gravitropism of the root is a canonical example of the adaptation growth response to environmental 139 stimuli. It involves the asymmetric distribution of the phytohormone auxin (Went and Thimann, 1937) , grow down along the gravity vector. Since the gravity vector cannot be modified easily, we developed a 145 microscope sample holder that can be rotated by any degree around the axis of the light path ( Figure 4C ). 146
In this way, the roots can be observed before and shortly after the gravistimulation, and due to the axis of 147 rotation, the "upper" and "lower" root sides are equally accessible to imaging. The rotation stage is an 148 aluminium frame with a rotating inset that holds the sample chamber. The inset and the frame are 149 connected by a number of rings made of Teflon to provide smooth and precise sliding ( Figure 4E , F). 150
Supplemental File 1 contains a 3D CAD file of the rotation stage designed for a motorized stage 151 (Märzhäuser Scan IM). In order to minimize the time the user spends finding the roots after rotation of the 152 inset, we developed a MATLAB®-based script that calculates the new positions of the root tips ( Figure  153 4D, Supplemental File 2). The experimental procedure was as follows: First, the motor coordinates of the 154 mechanical centre of rotation had to be determined. To this end, the inset holding the sample chamber 155 was replaced with a disk into which a small hole (diameter 200 μm) had been drilled, which coincides 156 with the centre of rotation. The hole was centred in the field of view and the motor position was saved in 157 a file. Then, the disk was replaced with the sample holder and the positions of the root tips were saved. 158
After imaging the first part of gravistimulation experiment (roots in vertical position) the rotation was 159 applied. The MATLAB® script (Supplemental File 2) was executed, and output the new position of root 160 tips. The mechanical precision was good enough that the calculated positions deviate only slightly from 161 the actual ones and imaging could be continued within 3 minutes after the rotation. 162
Thus, our rotating stage enables the user to select any sequence of gravistimulations desired, and 163 subsequently a very rapid image acquisition, providing the setup necessary for high-resolution studies of 164 gravitropism. 165 166
TipTracker automatically recognizes and follows root tips during growth 167
A root tip of a 4-5 day-old Arabidopsis seedling grows approximately 50 -300 μm per hour (see below). 168
This means that it moves through the field of view of a 20x objective within 1-2 hours. To be able to 169 observe the root tips for a longer period of time, we developed the root tip-tracking program TipTracker. that is used to update the lateral sample displacement . This method makes no assumptions about the 181 shape or brightness of the samples or the type of movement and is thereby not limited to roots; it is, in 182 fact, entirely independent of the specimen and can be used for all samples that move autonomously or 183 through external forces. The growth of a root between two time points -1)+ 184
. Finally, a new list P(x, y) = P(x, y) + of the predicted positions of the roots is generated and 185 loaded into the microscope control software and the next acquisition is started ( Figure 5 ). This process is 186 repeated for each step in the time series. The growth kinetics of each root can then be derived from the 187 history of the recorded positions. More elaborate position prediction methods such as autoregressive 188 motion or Kalman filter-based approaches could easily be implemented, but proved unnecessary in the 189 case of root growth, since the change in growth speed and direction is slow compared to the interval 190 between two time steps. Likewise, tracking in 3D, which can be accomplished in a straightforward 191 manner by cross correlating different slices from the stacks or by maximum intensity projections in the x-192 and y-directions, were also found to be redundant, as the roots are confined between the coverslip and the 193 agar block. 194
TipTracker interacts with the microscope control software (e.g. ZEN) by generating mouse and keyboard 195 inputs by means of AutoIt scripts, which is a freeware scripting language designed for automating the 196
Windows GUI. This solution has crucial advantages: First, it can be used with any type of microscope 197 system since it does not rely on vendor-supplied programming interfaces. Furthermore, both experts and 198 non-experts can easily adapt the system from one setup to another (e.g. Zen Black -> Zen Blue). We used 199
TipTracker mainly in conjunction with the Zeiss Zen 2010 software controlling the LSM700 inverted 200 microscope, but we have also successfully implemented TipTracker on an upright two-photon microscope 201 (LaVision Biotech TriM II) to track the movement of cells within the enveloping layer during zebrafish 202 epiboly. This also demonstrates that the tracking algorithm is not limited to roots and can be used for all 203 moving samples. In order to exemplify the modifications necessary to adapt TipTracker to a new 204 platform, we also included this version in Supplemental File 2. For each new system, the AutoIt scripts 205 must be modified to correctly interact with the crucial control buttons of the software GUI, and we 206 The program is designed to follow actively growing root tips in a highly efficient manner, as we 212 demonstrate below. In case the tracking algorithm loses a sample, this can result in excessive stage 213 movements. In order to protect the objectives, we implemented a limit on the maximum degree of stage 214 movement. When one of the positions exceeds this user-defined limit, the tracking of that particular 215 position is stopped, while the other positions are further tracked. 216
Limitations are that the computer should not be interfered with during imaging, as this could confuse the 217 communication between TipTracker and the imaging software. In addition, online tracking with 218
TipTracker creates a time overhead compared to a time series that is acquired directly with the 219 microscope control software, since at each time point the acquisition is stopped, the data stored and then 220 read again. 221
In summary, our root tip-tracking program TipTracker allows for online long-term tracking of root tips or 222 other moving samples and can be easily implemented on a wide range of microscopes. 223
224

Biological examples: 225
Long-term imaging and tracking of root tips 226
To test the ability of the TipTracker software, we imaged roots expressing the plasma membrane marker 227 UBQ10::YFP-PIP1;4 over a period of 38 hours with an imaging interval of 20 minutes. We imaged a 14-228 slice z-stack of eight roots for 116 imaging cycles ( Figure 6A , Supplemental Movie 2). The program 229 successfully tracked all roots. We coupled the illumination system to a regular time switch to simulate 230 day and night. The growth rate of all roots dropped during the night period and increased again in the day 231 period ( Figure 6B ). In the resulting images, the cell division in the meristematic zone and the progression 232 towards the transition and elongation zones can be observed ( Figure 6C ). We took a single plane of one of 233 the datasets, cut out a small area overlapping with one of the cell files (cortex) and mounted the images 234 side-by-side as a montage ( Figure 6C ). In that montage we colour-coded membranes according to their 235 appearance (first generation: yellow, second: cyan, third: magenta, fourth: green). This experiment 236 revealed unexpected regularity in the cell division pattern: Each first-generation membrane observed in 237 the first time point is separated by three new membranes in the last time point of recording ( Figure 6C , 238
Supplemental Movie 3). 239
Imaging of the KNOLLE syntaxin during cell division 240
To test the tracking using higher magnification, we analysed the dynamics of the expression of the cell relocalises to pre-vacuolar compartments and is finally degraded in the vacuole, as described previously 247 (Reichardt et al., 2007) . In our setup, we could follow this cycle in a given cell and measured that it lasted 248 for more than 4 hours (Figure 7, lower panel) . We successfully imaged growing roots for more than 12 249 hours and captured a stack of 10 z-sections every 3 minutes. 250
Imaging of the DII-Venus after gravistimulation 251
As a next example, to test how we can visualize dynamic processes during gravitropism, we observed 252 roots during gravistimulation using the rotation stage. For this purpose, we used the DII-Venus auxin minutes for a period of 4 hours. During the rotation, imaging was stopped for the approximately 3 257 minutes that were necessary for the handling and starting of the new experiment. We then quantified the 258 root tip angle and the DII-Venus fluorescence intensity gradient in the upper and lower parts of the roots 259 before, during, and after gravistimulation ( Figure 8B ). We observed an immediate change in the angle 260 that paralleled an increase in the fluorescence in the upper part of the root, while the fluorescence 261 intensity in the lower part stayed constant. As seen in the movies, we were able to observe gradual 262 changes in the DII-monitored auxin distribution from cell-to-cell with previously unseen spatial and 263 temporal resolution. 264
Imaging of the moving prechordal plate in developing Zebrafish embryo 265
To demonstrate that TipTracker can be used on completely different microscope setups and for non-plant These examples of the performance of TipTracker show that the program can be used to track root tips at 278 high temporal and spatial resolution. In addition to root tips, it is also possible to track other moving 279 samples, as we demonstrate with the example of the prechordal plate movement in the zebrafish embryo. 280
It is important to note that when setting up an experiment, the users should consider the magnitude of the 281 velocity of their sample relative to the field of view of the objective being used, as well as to the temporal 282 resolution of the acquisition (Figure 10 ). For example, when using a 20x objective lens, we recommend 283 specifying time intervals not larger than 30 minutes, otherwise the root will escape the tracking field of 284 view before the next time point is captured. 285
Conclusions and Discussion 286
In this work, we describe in detail a confocal microscope setup with a vertical mounting. This enables 287 long-term (up to several days) live imaging with confocal resolution of seedlings growing in the natural, 288 vertical position. We also built a rotation stage that makes it possible to freely adjust the plant's 289 orientation with respect to gravity, while preserving the ability to observe it. Together with integrated 290 illumination, our setup provides growing seedlings with the optimal and controlled conditions necessary 291 for long-term imaging experiments. We provide blueprints for building the setup and a description of 292 optimized sample preparation, which is a critical step for the sensitive Arabidopsis seedlings. Together, 293 the sample preparation, illumination and the vertical position result in healthy seedlings, even in the 294 artificial conditions of a confocal microscope. 295 Furthermore, we developed the TipTracker program to automatically follow root tips for long periods of 296 time. Importantly, it can track multiple objects simultaneously while fully preserving the functionality of 297 the confocal, i.e. multiple-colour imaging and z-sections. Brightfield and fluorescence channels can be 298 used as the input for tracking. The tracking is both robust and very accurate, as exemplified by 299 Supplemental movies 7 and 8. TipTracker tracks objects only in 2 dimensions since the roots are confined 300 between the coverslip and the agar block, but if needed, 3D tracking is a straightforward extension. 301
The usage of TipTracker is not limited to vertical stage microscopes and can be used on any inverted or 302 upright microscope setup with a motorized stage. The example of zebrafish embryo development also 303 demonstrates that the tracking algorithm is not limited to root tips, and can in fact be used for all moving 304 samples, given that the algorithm makes no assumptions about the samples, such as shape, brightness, or 305 direction of movement. 306
Combining optimal growing conditions and root tip tracking we now were able to perform experiments 307 that were previously very hard to conduct. Long-term image acquisition revealed previously 308 unappreciated regularity in the cell division and elongation pattern making up the root growth. The high 309 resolution imaging of dividing cells enabled capturing the exact timing of several cytokinesis events while 310 observing the whole root meristem; or the observation of the dynamic rearrangement of the auxin gradient 311 during gravitropism making it possible to dissect the spread of auxin distribution at high spatio-temporal 312 resolution. Our setup made these findings possible, demonstrating its versatility and application to a broad 313 range of questions in developmental, cell biology and physiology. We have aimed for a very detailed 314 description that will enable other labs to implement the setup or its components, and will therefore be 315 beneficial to the Arabidopsis community as well as non-plant researchers. The voltage can be adjusted in the range of 3.5 -9.5 V. Appropriate resistors were used to reach light 338 intensities ranging from 40-180 μmol/m²/s (see Figure 3) . 339 340
Plant sample preparation 341
Plants were surface sterilized by chlorine gas, sowed on ½ MS medium, 1% sucrose, pH 5.8, 0.8% plant 342 agar, stratified 1-2 days at 4°C and then cultivated in a growth incubator at 22 °C in a 16/8 h day/night 343 cycle with 120-140 μmol/m²/s amount of light for five days. Fish maintenance and embryo collection were carried out as previously described (Westerfield, 2007) . 367
Embryos were raised in either E3 medium or Danieau's buffer, kept at 28 or 31°C and staged according to 368
Kimmel et al., 1995. To analyse the movement of ppl cells expressing gsc::mEGFP, embryos were kept at 369 31 °C until shield stage (6 hours post fertilization). Embryos were dechorionated with forceps, mounted in 370 0.7 % agarose in E3 medium and imaged with a LaVision upright multi-photon microscope equipped 371 with a Zeiss Plan-Apochromat 20x/1.0 water immersion objective and Ti:Sa laser (Chameleon, Coherent) 372 set at 820 nm. The xy position of the motorized stage was adjusted automatically after every acquisition 373 374
Image analysis 375
Cell division analysis in Figure 6 : A single z-section of data set number #05 was stabilized around one 376 cell file using semi-automatic motion tracking in Adobe After Effects. The image sequence was exported 377 as tif files and imported into Fiji. The area, highlighted with a dashed white box in Figure 6C (right) , was 378 cut out and a montage of each time point was created using the Fiji function "Make Montage". In Adobe 379
Illustrator membranes were labelled using the path tool, the transparency mode was set to colour. B) The laser safety mechanism. Since the transmitted light arm can no longer be reclined/tilted, the laser safety shield would limit the access to the sample. The reed switch (red arrow) was removed, and the screws holding the safety shield were replaced by pins and magnets. The reed switch was relocated to the bracket that holds the shield, depicted in (C). D) Photograph showing the stand (1), the 90° adapter for wide field fluorescence excitation (2), the aluminium plate and mounting bracket (3), and the scan-head table (4). 
